The human fungal pathogen Candida albicans can switch between two phenotypic cell types, termed 'white' and 'opaque'. Both cell types are heritable for many generations, and the switch between the two types occurs epigenetically, that is, without a change in the primary DNA sequence of the genome. Previous work identified six key transcriptional regulators important for white-opaque switching: Wor1, Wor2, Wor3, Czf1, Efg1, and Ahr1. In this work, we describe the structure of the transcriptional network that specifies the white and opaque cell types and governs the ability to switch between them. In particular, we use a combination of genome-wide chromatin immunoprecipitation, gene expression profiling, and microfluidics-based DNA binding experiments to determine the direct and indirect regulatory interactions that form the switch network. The six regulators are arranged together in a complex, interlocking network with many seemingly redundant and overlapping connections. We propose that the structure (or topology) of this network is responsible for the epigenetic maintenance of the white and opaque states, the switching between them, and the specialized properties of each state.
Introduction
Candida albicans has a long history of causing disease in humans. It can colonize and infect many environmental niches of its host, such as the gastrointestinal tract, the oral cavity, the bloodstream, and the vagina. These environments are diverse, and C. albicans has evolved many mechanisms to modulate cell morphology, nutrient uptake, pH homeostasis, and oxygen use (to name a few regulated systems) in response to these differences in environmental conditions. Here, we address a mechanism that epitomizes the ability of C. albicans to generate different cell types from the same genome, the white-opaque switch.
The two types of cells generated by white-opaque switching were first recognized because colonies of white cells are shiny and dome-shaped, while those of opaque cells are dull and flat (Slutsky et al., 1987 ; for reviews, see Soll et al., 1993; Bennett et al., 2003; Johnson, 2003; Lohse and Johnson, 2009; Soll, 2009; Morschhäuser, 2010) . Both cell types are heritable for many generations, and because the switch between the two types occurs without any change in the DNA sequence of the genome, it will be referred to as epigenetic. Although genetically identical, these cell types differ in many ways, including the size and shape of the individual cells (Slutsky et al., 1987) , their metabolic preferences (Lan et al., 2002) , their ability to mate (Miller and Johnson, 2002) , their pathogenic properties (Kvaal et al., 1997; 1999; Geiger et al., 2004; Lohse and Johnson, 2008) , and the expression of nearly 15% of the transcriptome (Lan et al., 2002; Tsong et al., 2003; Tuch et al., 2010) . Switching from the white cell type (in essence, the default cell type) to the 'differentiated' opaque cell type occurs stochastically in approximately one out of every 10 000 cell divisions (Rikkerink et al., 1988) . The reverse switch (opaque to white) occurs at approximately the same frequency at 25°C under a standard set of laboratory conditions, but occurs at much higher frequencies (100%) when the temperature is shifted to 37°C (Rikkerink et al., 1988) . Other conditions (oxygen, carbon dioxide, and nutrient levels, for example) can also affect the forward and reverse switching frequencies. Whiteopaque switching appears to be limited to C. albicans and the closely related pathogenic species Candida dubliniensis (Pujol et al., 2004) and Candida tropicalis (Porman et al., 2011) .
Previous analysis of the white-opaque switch identified a core circuit of four transcriptional regulators -Wor1, Wor2, Czf1 and Efg1 -that control switching via a network of negative and positive feedback loops (Zordan et al., 2006; (Fig. 1A and B) . Wor1, the 'master regulator' of opaque cell formation, is a transcriptional regulator that is highly upregulated in opaque cells; it is required for both the transition to, and heritable maintenance of, the opaque cell type. High-level expression of WOR1 in opaque cells is sustained -in part -by a positive auto-regulatory loop, which is believed to form the basis of the heritable maintenance of opaque cells. Consequently, ectopic expression of WOR1 can drive ∼ 100% of cells from the white to the opaque form (Huang et al., 2006; Srikantha et al., 2006; Zordan et al., 2006) . Wor2 is an opaque-enriched transcriptional regulator that is required for the heritable maintenance of the opaque cell type. Czf1 is a third opaqueenriched transcriptional regulator that plays an important role in modulating the white-to-opaque switch frequency, but is not required for the heritable maintenance of the opaque cell type. The white-enriched regulator Efg1 is a negative regulator of the white-to-opaque transition which, when expressed ectopically in opaque cells, can drive switching to the white cell type. Efg1 represses the opaque transcriptional programme by binding directly to the upstream region of WOR1 (Sriram et al., 2009; Lassak et al., 2011) . More recently, Wang et al. (2011) identified the regulator Ahr1 (Zcf37/Orf19.7381) as another repressor of the white-to-opaque transition that also drives switching to the white cell type in an Efg1-dependent manner. We recently identified and characterized a sixth regulator of white-opaque switching, Wor3 (Orf19.467), which is highly upregulated in the opaque cell type; moreover, ectopic expression of WOR3 in white cells causes mass switching to the opaque cell type (Lohse et al., 2013) .
Through a series of genetic epistasis experiments, Zordan et al. determined a limited regulatory hierarchy for white-opaque switching (Zordan et al., 2006; . In this paper, we fully describe the C. albicans white-opaque circuit based on the six known regulators of white-opaque switching; in particular we identify a large set of target genes bound by these regulators. We perform and analyse ChIP-chip experiments with the known members of the transcriptional regulatory network. We combine the existing high resolution ChIP-chip analysis of Wor1 (Zordan et al., 2007) and Wor3 (Lohse et al., 2013) with newly generated ChIP-chip analyses of the other four regulators. We also carry out genome-wide transcriptional profiling of wild-type and transcriptional regulator deletion strains, to identify the direct and indirect regulatory interdependencies of this network. Finally, we use a microfluidic-based approach to examine the inherent DNA-binding specificities of the regulators, and we also incorporate this information into the circuit. Our principle results are as follows: in white cells we observed a compact circuit where only three of the six regulators, Czf1, Ahr1, and Efg1, are active; they bind to and control expression of a relatively small number of target genes with a limited degree of overlap. In contrast, the opaque regulatory circuit is comprised of all six regulators in a large and tightly interwoven arrangement, involving 748 target genes, numerous interactions between regulators and target genes, and multiple interactions among the regulators themselves. Overall, the integrated network controlling white-opaque switching that we describe provides a detailed, comprehensive view of a circuit that orchestrates an epigenetic change, and we believe this circuit can serve as a model for other types of cell differentiation that use complex transcriptional circuits as a basis for generating heritable cell types.
Results

Determining transcriptional relationships among regulators of white-opaque switching
To identify genes directly bound by the six regulators of white-opaque switching (Wor1, Wor2, Efg1, Czf1, Ahr1, and Wor3), we performed ChIP-chip experiments to map the positions across the genome to which each of the six regulators are bound; we carried out these experiments in both white and opaque cell types. Our methods and analyses are very similar to those recently described in Nobile et al. (2012) , and are reiterated in detail in the Supplemental Experimental Procedures. We first discuss the ChIPchip results for the relatively simple circuit that is found in white cells and, later, for the more complex opaque cell circuit. We focus on the highlights of these analyses below; the full datasets and further analyses are included in Fig. 1 . Working model of the white-opaque regulatory circuit and its activity in the two cell types. A. In white cells, Efg1 represses WOR1 directly as well as indirectly through WOR2 to maintain white cell identity. B. In opaque cells, Wor1, Wor2, and Czf1 establish a series of positive feedback loops, maintaining opaque cell identity and repressing EFG1. Upregulated genes are bordered in grey and active relationships are indicated in black. Downregulated genes lack a border. Arrows and bars represent activation and repression respectively.
Supplementary Information (File S1). In the following discussion, we will typically refer to regulators bound to a given number of intergenic regions. If any of these regions lie between divergently transcribed genes we will assume that the bound regulator is in position to potentially regulate two genes. Thus, the number of genes potentially regulated will almost always be higher than the number of intergenic regions bound.
White cell circuit
ChIP-chip experiments with Wor1, Wor2, and Wor3 in white cells did not produce detectable enrichment at any genomic location, consistent with the fact that these regulators are expressed at much lower levels in white cells compared with opaque cells. In white cells, the remaining three regulators, Czf1, Ahr1, and Efg1, bind to a total of 131 discrete intergenic regions (corresponding to 179 genes), with Czf1 in position to control 55 genes, Ahr1, 93, and Efg1, 73. There are 23 intergenic regions that are bound by at least two regulators, and five that are bound by all three regulators ( Fig. 2A , Table S1A ). Efg1 binds to its own upstream region and to those of WOR1 and WOR2; Czf1 binds to its own upstream region and to those for EFG1 and WOR2; and Ahr1 binds to its own upstream region and to those of EFG1 and WOR2 (Fig. 3, Table S1A and B, File S2).
The binding data for all three regulators was further processed using MochiView to identify regions of maximum peak enrichment, as previously described (Cain et al., 2012; Nobile et al., 2012) . These regions were then examined for cis-regulatory DNA sequences (binding motifs) corresponding to bound Czf1, Ahr1, and Efg1. The Ahr1 binding sites were enriched for the presence of the motif 'TCGNYWAWWSTTGCC' (Fig. 4A, File S3 ), which is similar to that reported by Askew et al. (2011) and can explain roughly 80% of Ahr1 binding events with a less than 10% false positive rate. Efg1 binding sites were enriched for the presence of the sequence 'TGCAT' (Fig. 4B, File S3 ), which matches both the previously reported Efg1 binding sequence in C. albicans (Nobile et al., 2012) as well as those for its orthologues Sok2 and Phd1 in S. cerevisiae (Harbison et al., 2004; Badis et al., 2008; Zhu et al., 2009) . Czf1 binding sites were enriched for the sequence 'TTWRSCGCCG' (Fig. 4C , File S3) as well as for the Efg1 motif; these two sequences were consistently separated by a fixed distance (Fig. 5A) , suggesting that the two proteins may act together, a hypothesis tested directly as discussed below.
As an independent validation of the cis-regulatory motifs generated from the ChIP-chip data for Efg1 and Czf1, we measured sequence binding preferences for both proteins in vitro using a recently developed mechanically induced trapping of molecular interactions (MITOMI 2.0) technique A. The white cell network consists of three core regulators (Ahr1, red; Czf1, green; Efg1, blue) represented by the large circular hubs. B. The opaque cell network consists of six core regulators (Wor1, orange; Wor2, pink; Wor3, light blue; Ahr1, red; Czf1, green; Efg1, blue) represented by the large circular hubs. For both (A) and (B), smaller circles represent target genes, which are connected to their respective regulators by white lines, indicative of a direct binding interaction assessed by ChIP-chip. Genes differentially regulated as determined by RNA-seq from Tuch et al. (2010) in opaque compared with white cells are shown in yellow for genes upregulated in opaque cells, in light purple for genes downregulated in opaque cells, and in grey for genes with no change. (Maerkl and Quake, 2007; Fordyce et al., 2010) . In this approach, an in vitro translated transcriptional regulator is presented with all possible 8-mer DNA sequences and its binding to each is quantitatively monitored in vitro. This approach therefore examines, in an unbiased way, the inherent DNA-binding specificity of a regulator. While the Efg1 motif produced by this method was similar to the motif developed from the ChIP-chip data (Fig. 4B , Files S3 and S4), we observed subtle differences between the Czf1 motifs derived from ChIP-chip and from MITOMI 2.0 (Figs 4C and 5B, Files S3 and S4) . By examining Czf1 binding sites more closely, we observed that the ChIP-chip derived Czf1 motif frequently co-occurred with a consensus Efg1 motif, while the MITOMI 2.0-derived Czf1 motif was more common when a 'non-optimal' Efg1 motif was present (Table S1C ). We hypothesized that the ChIP-chipderived motif was weighted towards lower affinity Czf1 sites (given the presence of Efg1 adjacent to these sites) and that the MITOMI 2.0 motif represented the optimal binding site.
To test this hypothesis, we expressed and purified full length Czf1 and performed electrophoretic mobility shift assays (EMSAs) with DNA fragments containing the two motifs. The observed dissociation constant (Kd) for binding was four to ten times tighter for Czf1 binding to the MITOMI 2.0-derived motif than to the ChIP-chip-derived motif ( Fig. 5C ), indicating that the MITOMI 2.0-derived motif represents the optimal Czf1 recognition sequence. Interactions between Czf1 and Efg1 in yeast two-hybrid experiments have been previously reported (Giusani et al., 2002; Vinces et al., 2006; Noffz et al., 2008; Petrovska and Kumamoto, 2012) , and to test whether cooperative binding with Efg1 could account for the differences in affinities of the two Czf1 binding sites, we expressed and purified full length Efg1 and performed additional EMSAs using both proteins. We observed greater occupancy on DNA for both Efg1 and Czf1 when fixed amounts of the other regulator were included in the binding reactions, confirming that the two proteins bind to DNA cooperatively ( Fig. 5D and E), and that they do so in the absence of other proteins. This cooperative interaction between Czf1 and Efg1 explains the non-optimal nature of the Czf1 sequence found at a majority of Czf1 binding sites and resolves the difference between the ChIP-chip and MITOMI 2.0-derived motifs (Table S1C ).
The logic of the white cell circuit
In white cells, the 'core regulatory circuit' consists of Efg1 binding to its own upstream region and to those of WOR1 and WOR2, Ahr1 binding to its own upstream region and to those of EFG1 and WOR2, and Czf1 binding to its own upstream region and to those of WOR2 and EFG1 (Fig. 3 ). These observations, combined with previous results (Zordan et al., 2007; Sriram et al., 2009; Askew et al., 2011) , lead to a model whereby Efg1 directly represses WOR1 and both Efg1 and Ahr1 directly repress WOR2 to stabilize the white cell type and reduce switching to the opaque cell type. Czf1, on the other hand, both represses EFG1 and acts as a positive regulator of WOR2, thereby promoting the establishment of the opaque cell type.
To test this model and to identify target genes controlled by each regulator, we performed genome-wide transcriptional profiling of strains that carry homozygous deletions of EFG1, CZF1, or AHR1 (Fig. S1A-C, File S1 ). Deletion of EFG1 in white cells leads to changes in 171 transcripts, 96 of which are formally repressed by Efg1; these include 59 opaque-enriched transcripts, indicating that Efg1 directly or indirectly represses approximately one-fourth of all opaque-enriched transcripts in white cells. Our ChIP-chip data, combined with the transcriptional profiling data, reveal that Efg1 directly activates eight white-enriched transcripts, indicating that Efg1 is responsible not only for repressing the white-to-opaque transition, but also for activating white-specific transcripts (Fig. S1A) . Deletion of AHR1 in white cells results in the differential expression of 84 transcripts, 54 of which are formally repressed (including eighteen opaque-enriched genes). Only 12 of the 84 regulated transcripts are directly associated with Ahr1 binding, and 10 of these are downregulated in the Ahr1 deletion. These results suggest that Ahr1 functions, like Efg1, as both an activator of the white cell programme and a repressor of the opaque cell programme, although fewer genes are affected (Fig. S1B) . Deletion of CZF1 in white cells affects expression of an even smaller number of genes, seven (Fig. S1C) . Considering the white circuit as a whole, the upstream regions of 26 additional transcriptional regulators are bound by Ahr1, Efg1 or Czf1 in white cells, three of which (RFG1, CRZ2, AAF1) are bound by all three regulators (Fig. 6A, Table S1D ). This arrangement likely accounts for the large number of genes regulated in the efg1 deletion mutant strain that are not directly regulated by Efg1.
We conclude from this analysis that Efg1 is the major controller of the white state -its expression blocks the opaque programme by repressing WOR1 and WOR2, and promotes the expression of the white-specific programme, in part by activating additional 'downstream' transcriptional regulators. Ahr1 formally carries out the same role (a repressor of the opaque state and an acti- A. The white cell network consists of three core regulators (Ahr1, red; Czf1, green; Efg1, blue) represented by the large circular hubs. B. The opaque cell network consists of six core regulators (Wor1, orange; Wor2, pink; Wor3, light blue; Ahr1, red; Czf1, green; Efg1, blue) represented by the large circular hubs. For both (A) and (B), smaller circles represent other transcriptional regulators that are bound by the core network regulators. These downstream regulators are connected to their respective core regulators by white lines, indicative of a direct binding interaction assessed by ChIP-chip. Downstream regulators that are differentially regulated as determined by RNA-seq from Tuch et al. (2010) in opaque compared with white cells are shown in yellow for those upregulated in opaque cells, in light purple for those downregulated in opaque cells, and in grey for those with no change.
vator of the white state), although it controls fewer genes than Efg1. Finally, Czf1 is needed to control only a small number of white-specific genes; its main role is modulating the switching rate by repressing EFG1 and activating WOR2. When Czf1 is deleted, white-to-opaque switching decreases 10-fold (Vinces and Kumamoto, 2007; Zordan et al., 2007) .
Opaque cell circuit
We used ChIP-chip to identify the transcriptional regulatory circuit defined by Efg1, Czf1, Wor2, and Ahr1 in the opaque cell type and combined this with the previously published ChIP-chip data generated by this lab for Wor1 (Zordan et al., 2007) and for Wor3 (Lohse et al., 2013) (Fig. 7A , Files S1, S5 and S6). Even the 'core circuit' (that is, the circuit composed of only the six regulators and the interactions between them) is significantly more complex in opaque cells than in white cells, with the WOR1, WOR2, WOR3, CZF1, and EFG1 upstream regions bound by all six of the switch regulators, and the AHR1 upstream region bound by Wor1, Wor2, Wor3, and itself (Fig. 7B) . Overall, the entire opaque regulatory circuit encompasses 546 intergenic regions (corresponding to 748 genes) which are bound by one or more of the six white-opaque regulators; of these, the majority are associated with Wor1 (68%), while Wor2 (42%), Ahr1 (38%), Efg1 (30%), Wor3 (15%), and Czf1 (13%) make up the rest (Fig. 2B , Files S5 and S6). This network is highly interwoven, with 45% of the 546 intergenic regions bound by at least two of the six regulators, and 32% bound by three or more.
To explore the overlapping nature of this network in more detail, we classified all binding events for the six core regulators based on the combination of regulators that were present at given intergenic regions in the opaque cell ChIP-chip experiments (see Supplemental Experimental Procedures for details). The results of this analysis are as follows: there are large numbers of sites where, of the six core regulators, only Wor1 (137) or Ahr1 (102) are bound, but many fewer sites where only Czf1 (18), Efg1 (7), Wor2 (19), or Wor3 (16) are bound. Of the 57 theoretical combinations of two or more regulators, a subset of only eight combinations comprises roughly 80% of observed binding events (Table S1E and F) . Specifically, the combinations of Wor1+Wor2 and Wor1+Ahr1 represent the bulk of two-regulator binding events, the Wor1+Wor2+Efg1 and Wor1+Wor2+Ahr1 combinations the bulk of threeregulator events, and the Wor1+Wor2+Efg1+Wor3 and Ahr1+Wor1+Wor2+Efg1 combinations the bulk of fourregulator events. The Ahr1+Wor1+Wor2+Wor3+Efg1 com- A. ChIP-chip data for Ahr1 (red), Czf1 (green), Efg1 (blue), Wor1 (orange), Wor2 (pink), Wor3 (light blue), and their respective controls (grey) at the upstream regions for the six core regulators of white-opaque switching in opaque cells. Open reading frames are represented by yellow boxes, lighter yellow represents the untranslated region, genes above the bold line are transcribed in the sense direction and genes below the bold line are transcribed in the antisense direction. The x-axis represents ORF chromosomal locations and the y-axis represents the ChIP-chip enrichment value (log2). B. Regulatory network in opaque cells, based on our ChIP-chip data as well as that from Zordan et al. (2007) and Lohse et al. (2013) . Arrows represent direct binding interactions for the various transcriptional regulators.
bination forms the majority of the five-regulator events. In addition, there are a number of intergenic regions where all six regulators are bound (Table S1E ). The observed combinations are suggestive of a combinatorial hierarchy where Wor1 is the most important regulator for binding in opaque cells, followed by Wor2, Efg1, Wor3, and then Czf1; indeed the regulators may well be recruited to the intergenic regions in this order. In contrast, Ahr1 appears capable of joining at any point in this hierarchy, and, as described above, it is also observed at a significant number of upstream regions in the absence of the other five core regulators. The trends noted above are greater than would be expected by chance (Table S2A ). We also note that Wor1, Wor2, Wor3, and Efg1 ChIP-chip enrichment levels are considerably higher at locations bound by four or more regulators than at those bound by three or fewer ( Fig. S2A and B) .
Opaque cell binding motif analysis
As described above in the white cell analysis section, the cis-regulatory motifs recognized by Efg1, Czf1, and Ahr1 were determined; here we turn to the opaque-specific transcriptional regulators Wor1, Wor2, and Wor3. Based on MITOMI 2.0 experiments, the optimal sequence recognized by Wor3 is 'KGGTTAYK' (Lohse et al., 2013) (Fig. 4D, Files S3 and S4) , that recognized by Wor1 is 'WTTWARSTTT' (Fig. 4E , Files S3 and S4), and that recognized by Wor2 is 'TARSCKA' (Fig. 4F, Files S3 and S4) . The Wor1 motif derived from the MITOMI 2.0 experiments was similar to that derived by EMSAs using purified protein and DNA Cain et al., 2012) and the MITOMI 2.0-derived Wor2 motif was confirmed using purified protein in EMSAs (Fig. S3) . We then examined whether these motifs, plus the previously developed motifs for Wor3, Efg1, Ahr1, and Czf1, could explain the ChIP-chip data generated from opaque cells.
Of the six core transcriptional regulators, the Ahr1, Wor1, Wor2, Czf1, and Efg1 motifs show a high correlation with 'singleton' binding events, i.e. sites where only one of the six regulators is bound (Table S2B ). The correlation between a given motif and a bound regulator becomes weaker as more proteins are bound to the intergenic regions. However, there are some clear trends within this generalization. The following sets of binding events all have very strong Wor1 motifs: Wor1+Wor2, Wor1+ Wor2+Efg1, Wor1+Wor2+Efg1+Wor3, Wor1+Wor2+ Efg1+Wor3+Ahr1 sites and sites with all six regulators bound. In contrast, other prominent combinations (Ahr1+Wor1+Wor2, Ahr1+Wor1+Wor2+Efg1) are correlated strongly with Ahr1 sites. Finally, the Wor1+Ahr1 dual binding events have strong correlations with both the Ahr1 and Wor1 motifs (Table S2B) . We note that further attempts to combine motifs from multiple regulators did not provide a significant improvement in predictive power over those noted above.
From this analysis, we conclude that the Wor1 and Ahr1 motifs are the most important determinants of higher order binding with the Wor3 and Efg1 motifs making contributions to only a portion of the sites bound by four or more regulators. Further work will be required to rigorously define the detailed 'rules' of binding that would provide a truly deterministic model; we note, nonetheless, that the simple analysis described above provides significant predictive value.
Distinct properties of the opaque cell circuit
The most noticeable difference in the regulatory circuit of opaque cells compared with that of white cells is the large increase in the number of intergenic regions bound by the regulators (546 compared with 131). Moreover, nearly half (247 of 546, 45%) of intergenic regions bound in opaque cells are bound by multiple transcriptional regulators, compared with less than a fifth of intergenic regions bound in white cells (23 of 131, 18%). Even the white cell regulators undergo an expansion in the number of targets they bind in opaque cells. Although levels of Efg1 decrease fourfold in opaque cells relative to white cells, the protein is found at more than three times as many genomic locations (169 compared with 49). Likewise, levels of Ahr1 do not change, but it is found at three times as many genomic locations in opaque cells as in white cells (212 compared with 71). Finally, the number of genomic locations bound by Czf1 roughly doubles relative to white cells (72 compared with 39) (Table S1A and E). We note that increases in binding events in the opaque circuit relative to the white circuit are largely additive; that is, the white cell circuit expands. However, although additive in structures, these circuits are not additive in their transcriptional outputs. For example, there are approximately 168 white-enriched target genes and each gene is downregulated when cells switch to the opaque form.
Higher order binding events correlate with white or opaque cell type-specific regulation
To explain how the output of the circuit (gene expression) relates to its structure (binding events), we next determined whether intergenic regions bound by multiple regulators correspond to genes differentially regulated between the white and opaque cell types (Supplemental Experimental Procedures). Intergenic regions bound by at least four regulators were correlated with cell type-specific expression relative to an equivalently sized control set of intergenic regions (hyper-geometric test, P < 1E-6, Table S2C ). Lesser, although still statistically significant, increases were also found for regions bound by at least White-opaque switching network in C. albicans 29 three or at least two regulators (P < 1E-3, Table S2C ). We also found that the intergenic regions bound by a given regulator in opaque cells were roughly twice as likely (relative to an equivalently sized control set of intergenic regions) to be adjacent to genes that were mis-regulated when that regulator was deleted. These increases were statistically significant for genes mis-regulated in wor2, ahr1, czf1, and efg1 deleted opaque strains (hypergeometric test, P < 0.01, Table S2D ). Thus, there is a strong correlation between regulator binding and changes in expression between white and opaque cell types. We note that our analyses (full genome ChIP-chip and transcriptional profiling) were carried out in only one condition (rich medium) and there is no reason to expect the correlation to be perfect; based on other circuits in fungi, we predict that different environmental conditions will alter the spectrum of white-and opaque-enriched genes without changing the binding pattern of the core regulators. For example, the Saccharomyces cerevisiae regulatory protein Gal4 remains bound to its control regions in both non-inducing (raffinose) and inducing (galactose) medium, whereas the expression of genes controlled by Gal4 various enormously between these two conditions (Ren et al., 2000 ; for review, see Traven et al., 2006) .
Opaque cell logic
Our analysis also shows that the opaque cell network includes 65 additional transcriptional regulators whose intergenic regions are bound by at least one of the core switch regulators (Fig. 6B) . Roughly half of these 65 regulators are differentially regulated between white and opaque cells (Table S1G) . Of these 65, the upstream regions of six are bound by all six members of the circuit in opaque cells; these genes are BRG1, RFG1, NRG1, CRZ2, AAF1, and ORF19.6713 as well as the core regulators WOR1, WOR2, WOR3, CZF1, and EFG1. These results indicate that many of the features that distinguish white cells from opaque cells are specified by transcriptional regulators that lie 'downstream' of the core switch regulators. We believe this observation explains why many of the white-opaque enriched genes are not bound directly by the core regulators we have described. We have constructed strains deleted for three of these other regulators (BRG1, CRZ2, and AAF1) and tested them for effects on white-opaque switching frequencies. Unlike the six 'core' regulators, none of these three significantly affect white to opaque switching rates when deleted (Table S2E ). This observation supports our view that these regulators function primarily to specify features of the opaque state and lie downstream of the actual switching circuit. A full examination of the transcriptional changes in opaque cells following deletion of WOR2, CZF1, EFG1, and AHR1 can be found in Supplemental Information (Fig. S1D-G) .
Discussion
Using a combination of approaches including full genome ChIP-chip, full genome transcriptional analysis, MITOMI 2.0, and biochemical experiments with purified proteins, we have described a circuit of six transcription regulators and 748 target genes that is responsible for the whiteopaque switch in C. albicans. The switch from the white to the opaque cell type involves a major rewiring of the cell circuitry, leading to the differential expression of one in every six genes in the genome. We have shown that the core of this network in opaque cells is made up of many interactions among the six white-opaque switch regulators. For example, in opaque cells, Wor1 binds to its own regulatory region and those of WOR2, EFG1, CZF1, AHR1, and WOR3 (Fig. 7) ; the other five regulators show similar patterns. This network appears resistant to many perturbations. For example, deletion of AHR1, CZF1, EFG1 or WOR3 affects switching rates and results in the improper expression of portions of the white or opaque cell transcriptional programmes, but does not prevent the formation of either cell type or even the proper expression of a majority of the cell type-specific programmes. Even Wor2, necessary for the heritable transmission of the opaque state from mother to daughter, is dispensable when WOR1 is ectopically overexpressed. Our previous work indicated that the circuit was very slow to respond temporally to major changes in the levels of the core regulators. Consistent with the idea that the network is stable to perturbations, the white and opaque states themselves are very stable with switching rates of approximately 1 in 10 4 generations at 25°C. We believe that this stability to perturbation results from the large number of interactions between the regulators including multiple positive feedback loops that are predicted to maintain a consistent output (opaque or white cell type) of the circuit. On a broader level, the interconnected properties of the white-opaque switch network may allow the two cell types to be stable under the wide variety of different environmental conditions characteristic of the diverse host niches that C. albicans can occupy.
Our analysis shows that, although switching between the white and opaque cell type is 'all-or-none', the binding patterns of the regulators in white and opaque cells are not mutually exclusive, as might have been predicted. For example, in the bacteriophage lambda switch, the occupancies of the right operator by the Lambda repressor and Cro are mutually exclusive (Ptashne, 2004) . In contrast, the white circuit (which is relatively small) is incorporated into the much larger opaque circuit. For example, Efg1, whose expression level is reduced fourfold in opaque cells, remains bound to most of its white-cell targets, but roughly triples its number of bound upstream regions in opaque cells. Even the nature of the binding by these six regulators differs between the two cell types. In white cells, we observed narrow, tapered peaks while in opaque cells we observed broad peaks that extended across entire intergenic regions, some several kilobases in length (Fig. 8) . The narrow peaks observed for white cells from our ChIPchip data are typical of ChIP-chip binding events we have observed for other C. albicans regulators (see e.g. Nobile et al., 2009; , whereas the broad peaks we reproducibly observed for opaque cells appear unusual compared with those of other systems.
Our data, taken as a whole, indicate that the increase in the size of the network, and much of the higher order binding (i.e. the binding of multiple regulators to the same intergenic region) is due to large assemblies of regulators on target genes, nucleated largely by Wor1, which is 50-fold upregulated in opaque cells. The Wor1 motif is the most important determinant of higher order binding with the Ahr1, Wor3, and Efg1 motifs making contributions to only a portion of the sites bound by four or more regulators. Their assembly on control regions in opaque cells is a complex function of motif strengths, motif numbers, and the spacing between motifs. We propose that this assembly contributes to the all-or-none nature of the switch and to the stability of the opaque cell type through many cycles of DNA replication.
Although we do not yet know how these assemblies form on intergenic regions in opaque cells, we can offer a speculation. Sequences containing polyglutamine stretches have been implicated in stabilizing proteinprotein interactions and in some cases, protein aggregation (Schaefer et al., 2012) . We note that five of the switch regulators (all except Ahr1) contain one or more polyglutamine stretches, and our working hypothesis is that these sequences promote aggregation of these proteins and DNA, nucleated largely by Wor1 binding.
A remarkable feature of the white-opaque circuitry is its topological similarity to other complex circuits. These include the C. albicans biofilm regulatory network (Nobile et al., 2012) and the network regulating pseudohyphal growth in S. cerevisiae Cain et al., 2012) . Each of these networks contain at least six 'core' regulators, and they regulate each other in addition to hundreds of target genes including dozens of 'downstream' transcriptional regulators. This same basic type of network structure has also been observed in formation of induced pluripotent stem cells from differentiated tissues (Hochedlinger and Plath, 2009; Scheper and Copray, 2009 ) and in the hematopoietic and embryonic stem cell differentiation pathways (Wilson et al., 2010; Young, 2011) . All these networks share a group of 'master' or 'core' regulators, which appear to regulate each other in a complex, almost circular (as opposed to linear) pathway. The upstream regions of target genes in these networks are typically bound by multiple master regulators, resulting in a highly connected network that contains hundreds of feedback and feed-forward loops. These complex fungal and mammalian networks do not appear to have evolved from a common ancestral network; for example, the fungal networks utilize several regulators that are not present in metazoans and even the target genes of the different fungal networks are not highly conserved across the fungal kingdom. Thus, it seems likely that each of the fungal and mammalian networks discussed above independently evolved a highly interconnected, very similar network structure.
The S. cerevisiae pseudohyphal growth circuit controls cell elongation and cell division, the C. albicans biofilm network orchestrates biofilm development, and the C. albicans white-opaque switching network allows two different cell types to form, each of which is stably transmitted to subsequent generations. Of these three circuits, only white-opaque switching is known to exhibit cell memory. We do not presently know which collection of parameters in the white-opaque switch network is responsible for the 'memory' of the two cell states. However, the network structure contains so many feed-forward loops (3225 for the opaque network and 36 for the white network) that it seems likely that 'cell memory' could easily be generated from such a circuit: as cells divide, daughters will inherit molecules of the 'master' regulators, which can then, through the numerous positive feedback loops, re-excite the circuit. Indeed, modelling of an earlier, much simpler version of the white-opaque circuit illustrates that such a circuit can, in principle, produce cell memory (Sriram et al., 2009) . We propose that this type of circuit structure can account for other cases where cells 'remember' who they are through many cell divisions. However, we know that cell memory (at least over many cell divisions) is not an inevitable consequence of this type of network structure, as the biofilm and pseudohyphal growth programmes are readily reversible.
The white-opaque network is central to C. albicans biology and is believed to enable C. albicans to occupy different niches in its mammalian host. It is remarkable that the network structure controlling this process resembles those found in a wide variety of other species and that these network structures apparently arose convergently. Despite their similar overall structures, the outputs of these networks vary enormously, as they depend on connections between regulators and specific target genes. We further propose that individual parameters of such a network determine whether a transcriptional state can be stably passed on to descendent cells, as it is in white-opaque switching.
Experimental procedures
All methods are briefly described below. For additional experimental details, please see Supplemental Experimental Procedures.
Growth conditions
All cells were grown on synthetic complete media supplemented with 100 μg ml −1 uridine and 2% glucose (synthetic dextrose + amino acids + uridine) unless otherwise indicated. Growth was at room temperature (25°C) unless otherwise noted.
In order to confirm that homogenous cell populations were present before microarrays and ChIP-chip experiments were performed, white and opaque cell populations were assessed by microscopy.
Strain construction
A list of strains used in this study can be found in Table S3A . Deletion strains were generated as described previously . The WOR1, WOR2, WOR3, CZF1, and EFG1 deletion strains have been previously reported (Zordan et al., 2006; Lohse et al., 2013) . C-terminal myctagged transcription factor strains were generated using plasmid pADH34 (Nobile et al., 2009 ) and PCR-directed genomic integration as described previously .
Ectopic WOR1 expression strains were generated by cloning the open reading frame behind the pMET3 upstream region in pADH33 (Lohse et al., 2013) . Following digestion with NcoI, the SAT1-marked ectopic expression construct containing WOR1 was integrated at the RP10 locus and confirmed by colony PCR.
Plasmid construction
A list of plasmids used in this study can be found in Table S3B . A list of oligonucleotides used in this study can be found in Table S3C . Full details of plasmid construction can be found in the Supplemental Experimental Procedures.
Protein expression and purification
Proteins were expressed for 4 h at 25°C with 0.1 mM (Wor2) or 0.4 mM (Czf1, Efg1) IPTG in 2×YT media with 0.15% glucose and 1 mM MgSO4 (Wor2) or LB (Czf1 and Efg1). Protein purification of 6-His MBP-Wor2 231-343 aa and 6-His Efg1 and 6-His Czf1 were performed as previously described Cain et al., 2012) . In brief, cell pellets were resuspended, cells lysed by sonication, centrifuged, purified using Ni-NTA Agarose (Qiagen), concentrated, and moved into storage buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM DTT, and 50% glycerol). Protein concentrations were estimated based on comparison to a dilution series of known BSA amounts on a SDS-PAGE gel.
Electrophoretic mobility shift assays
EMSAs were performed using previously described conditions , with the omission of Poly(dI-dC) and a reduction of NaCl concentration to 50 mM. 21 bp oligonucleotides were used for Wor2 EMSAs, 36 bp oligonucleotides were used for Czf1 and Efg1 EMSAs. The motif, motifs, or mutated motifs were located at the centre of the oligonucleotides.
MITOMI 2.0 random library experiments
MITOMI 2.0 experiments for de novo identification of transcription factor binding sites using a pseudorandom library of DNA sequences were performed as described previously (Fordyce et al., 2010) , with the following modifications. First, we used a new pseudorandom 8mer DNA library that included all possible 8mer DNA sequences within 740 oligonucleotides (Table S3C ). This library was based on a previously published algorithm (Mintseris and Eisen, 2006) . Second, we designed a new, smaller version of the microfluidic devices with 1568 chambers arrayed in 28 channels with 56 chambers per channel. Third, we modified the protocol for both mold and device fabrication (as described below). Finally, we printed two arrays per 2″ × 3″ SuperChip Epox-ySilane glass slide (ThermoFisher Scientific). MITOMI 2.0 molding master and device fabrications were performed as previously described (Lohse et al., 2013) . Position Specific Affinity Matrices (PSAMs) developed for Wor1, Wor2, Efg1, and Czf1 using MITOMI 2.0 are included in File S3.
MITOMI 2.0 binding curve experiments
Experiments assessing concentration-dependent binding to oligonucleotides containing systematic mutations of candidate 'consensus' transcription factor target sites were performed largely as described previously (Fordyce et al., 2012) , with final concentrations of DNA before printing set to be 10 μM, 6.7 μM, 4 μM, 3 μM, 2 μM, 1.3 μM, 0.9 μM, and 0.4 μM. The oligonucleotide sequences used for binding curves are provided in Table S3C . Single-site binding model fits shown are from globally fitting all binding curves simultaneously for Czf1, Wor1, and Wor2 transcription factors. Experiments assessing concentration-dependent binding for Efg1 protein did not adequately capture both the linear and saturated binding regimes; therefore, we chose an arbitrary but reasonable constant maximum value for measured fluorescence intensity ratios and determined relative Ka values from individual single-site binding model fits. The 'consensus' binding sites were developed based on a combination of existing ChIP-chip and random library MITOMI 2.0 experimentally developed sites. Binding curves for Wor1, Wor2, Efg1, and Czf1 in these experiments are included in File S4, and the related PSAMs are included in File S3.
Microarrays
Cultures for gene expression microarray analysis were harvested during mid-log phase by centrifugation and pellets were snap-frozen in liquid nitrogen prior to RNA extraction. See Supplemental Experimental Procedures for details. Equal amounts of white vs. opaque or wild-type vs. mutant cDNA were hybridized to custom-designed Agilent 8 × 15k microarrays (AMADID #020166), and scanned using a Genepix 4000B scanner (Axon/Molecular Devices). Data were extracted using GenePix Pro version 5.1 and normalized by Global Lowess normalization using the Goulphar script (Lemoine et al., 2006) for R (The R foundation for Statistical Computing). Transformations (i.e. white vs. opaque or wildtype vs. deletion strain) were performed prior to the extraction of median differential expression values for each open reading frame (ORF). Differential expression was determined by using a twofold cut-off. Two biological replicates were performed for each condition. Raw gene expression array data are available at the Gene Expression Omnibus (http://www.ncbi.nlm.nih .gov/geo, Accession #GSE42134). The analysed gene expression array data are included in File S1.
ChIP-chip
Cultures for chromatin immunoprecipitation were harvested during mid-log phase by centrifugation. Chromatin immunoprecipitation, strand-displacement amplification, dye-coupling and hybridization to a custom 1 × 244k Agilent tiling microarray (AMADID #016350) was performed as described previously . Chromatin shearing was consistent between samples for white and opaque strains. See Supplemental Experimental Procedures for details. Arrays were scanned using a Genepix 4000B scanner (Axon/ Molecular Devices) and processed as described previously (Nobile et al., 2012) using the thresholds described in Supplemental Experimental Procedures. ChIP enrichment values for each target ORF were selected from the most highly-enriched peak within each bound intergenic region. Raw ChIP-chip data are available at the Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo, Accession #GSE42837). The analysed ChIP-chip data are included in File S1. Plots of the areas of peak enrichment for each regulator are included in Files S2, S5 and S6.
Motif finding
Motif finding from ChIP-chip peak calls was performed as previously described (Nobile et al., 2012) . In brief, we used the 'Motif Finder' utility in MochiView v1.45 to find overrepresented sequences in the 500 bp maximum enrichment location sets for Ahr1, Czf1, and Efg1 in white cells. We used the same technique to find over-represented sequences in the previously reported 500 bp maximum enrichment location set for Wor1 in opaque cells (Zordan et al., 2007; Lohse et al., 2013) . The Position Specific Weight Matrices (PSWMs) developed for these regulators are included in File S3.
Analysis of genome-wide data
Unless otherwise noted, all of the analysis described was performed in MochiView following the procedures described in Supplemental Experimental Procedures.
We used both the previously published RNA-seq data (Tuch et al., 2010) as well as the newly generated microarray data for comparing binding to white-opaque regulation (Lohse et al., 2013) . Both of these datasets are included in File S1.
Motif enrichment at binding sites
Examination of the ability of the various regulator motifs to explain the in vivo binding sites used a previously described procedure (Lohse et al., 2013) . The analysis was performed using the ChIP-chip developed PSWM motif for Ahr1 and MITOMI 2.0 PSAM motifs for the other regulators (File S3) (see Supplemental Experimental Procedures for details). K99AI100896 (C. J. N.), and the Howard Hughes Medical Institute (J. L. D., P. M. F.). The content is the sole responsibility of the authors and does not necessarily represent the views of the NIH or HHMI.
